INSM1 is a zinc-finger protein expressed throughout the developing nervous system in late neuronal progenitors and nascent neurons. In the embryonic cortex and olfactory epithelium, Insm1 may promote the transition of progenitors from apical, proliferative, and uncommitted to basal, terminally-dividing and neuron producing. In the otocyst, delaminating and delaminated progenitors express Insm1, whereas apically-dividing progenitors do not. This expression pattern is analogous to that in embryonic olfactory epithelium and cortex (basal/ subventricular progenitors). Lineage analysis confirms that auditory and vestibular neurons originate from Insm1-expressing cells. In the absence of Insm1, otic ganglia are smaller, with 40% fewer neurons. Accounting for the decrease in neurons, delaminated progenitors undergo fewer mitoses, but there is no change in apoptosis. We conclude that in the embryonic inner ear, Insm1 promotes proliferation of delaminated neuronal progenitors and hence the production of neurons, a similar function to that in other embryonic neural epithelia. Unexpectedly, we also found that differentiating, but not mature, outer hair cells express Insm1, whereas inner hair cells do not. Insm1 is the earliest known gene expressed in outer versus inner hair cells, demonstrating that nascent outer hair cells initiate a unique differentiation program in the embryo, much earlier than previously believed.
Introduction
During embryogenesis, several different neural epithelia contribute to the generation of central and peripheral nervous system neurons. The primary sensory neurons (auditory and vestibular) of the ear are generated by a largely placode-derived structure known as the otocyst (Anniko and Wikstrom, 1984; Freyer et al., 2011) . There is also a controversy as to whether the neural tube might contribute a small number of cells to the otocyst (Freyer et al., 2011; Sandell et al., 2014; Steventon et al., 2014) . In the mouse, beginning at embryonic day 8.5 (E8.5), the otic placode begins to invaginate. It then pinches off and separates from the ectoderm to form the epithelial sac known as the otocyst or otic vesicle by E9.5 (Anniko and Wikstrom, 1984; Barald and Kelley, 2004) . Within the otocyst, the anteroventral quadrant specializes to produce the neurons, as well as the sensory receptor cells (i.e. hair cells) and their support cells (Appler and Goodrich, 2011) .
As in other neural epithelia, uncommitted otocyst progenitors undergo interkinetic nuclear migration whereby mitosis occurs apically within the epithelium but DNA synthesis (S-Phase) occurs basally. Beginning at E9.5, neuronal progenitors migrate basally and delaminate from the otocyst into the adjacent mesenchyme (Raft et al., 2004; Rubel and Fritzsch, 2002) (Fig. 1 ). There they divide to produce only auditory and vestibular primary neurons. However, it is yet to be determined the extent of proliferation after delamination, whether all delaminated cells divide or some delaminate as postmitotic nascent neurons (D'Amico-Martel and Noden, 1983) . In fact, one report has shown that some cells within the otic epithelium may have already sent projections to the hindbrain before delaminating (Fritzsch, 2003; Yang et al., 2011) . Delaminated progenitors exit the cell cycle from E9.5-E13.5 (Matei et al., 2005) . All glia associated with these neurons derive from the neural crest and migrate into the forming ganglia around E10.5. In this article, we will refer to all cells that delaminate from the otocyst as delaminated progenitors (DPs), including those that will divide to produce neurons and those that may directly differentiate into neurons.
The morphological changes of the developing spiral and vestibular ganglia (SVG) are accompanied by a cascade of transcription factors. First, Neurog1 defines the proneural domain and is necessary for SVG formation (Ma et al., 2000; Ma et al., 1998) . After Neurog1 establishes the neuron producing region of the otocyst, it activates NeuroD in the neuronal progenitors, which promotes delamination and neuron survival (Jahan et al., 2010a; Kim et al., 2001; Liu et al., 2000) . As DPs migrate to the base of the epithelium they activate Isl1, whose function is not known. Around this time, Gata3 expression is restricted in the otocyst and enriched in the ventral region that will become the organ of Corti (Lawoko-Kerali et al., 2002) . DPs that express Gata3 will produce the SpG and, in its absence, no SpG neurons are generated Lawoko-Kerali et al., 2004) . Gata3 has also been conditionally ablated in SpG neurons after neurogenesis and has been shown to be necessary for their axonal pathfinding and survival (Appler et al., 2013; Duncan and Fritzsch, 2013) . After DPs delaminate, they express Pou4f1, which contributes to SpG neuron differentiation by regulating cell size and maintaining TrkC expression (Deng et al., 2014; Huang et al., 2001) . Following cell cycle exit, differentiating nascent SVG neurons express Pou4f2, whose function has not yet been determined (Deng et al., 2014; Huang et al., 2001) .
While elements of this signal cascade are well understood, there are still many aspects of SVG formation that are not. As of yet, the regulation of DP proliferation is not well understood. Deletion of N-Myc from the mouse ear results in an overall smaller ear beginning as early as E9.0, ultimately including a shortened cochlea and smaller spiral ganglion (Dominguez-Frutos et al., 2011; Kopecky et al., 2011) . This phenotype is attributed to a decrease in proliferation in the otocyst, where the effect is global and not specific to delaminating progenitors (Dominguez-Frutos et al., 2011; Kopecky et al., 2011) . Likewise, Foxg1 is expressed throughout the developing ear and its deletion leads to global disruptions in the ear including a shortened cochlea with shorter spiral ganglion, though the mechanism for the shortened ganglion was not investigated (Pauley et al., 2006) . Tis21, a marker of cortical basal progenitors, was recently proposed to promote neurogenesis of the spiral ganglion, though the specific mechanism and timing of expression were not determined (Yamada et al., 2015) . Also, experiments using chick otic explants have shown that IGF-1 can promote proliferation of DPs (Camarero et al., 2003) . However, SpG size and number of neurons were unaltered in Igf1 null mice at postnatal day 5. Hence, IGF-1 has little to no effect on neurogenesis in the mouse, though it is required for neuron survival (Camarero et al., 2001) .
INSM1 is a zinc-finger protein whose mRNA is expressed in all examined neurogenic regions of the developing nervous system, including areas of adult neurogenesis (Duggan et al., 2008) . In many developing neural epithelia, Insm1 is expressed in a basal zone that includes neuronally-committed progenitors and nascent neurons. Insm1 is not expressed in the apical zones, where uncommitted progenitors divide, or in mature neurons (Duggan et al., 2008) . In the cortex and olfactory epithelium, deletion of Insm1 results in fewer basally-dividing, neuronally-committed progenitors and consequently in fewer neurons (Farkas et al., 2008; Rosenbaum et al., 2011) .
Here, we examine the expression pattern and function of Insm1 in the embryonic mouse ear. We find that Insm1 is transiently expressed during neurogenesis in delaminating, neuronally-committed progenitors and nascent SVG neurons. This pattern of expression is equivalent to that in embryonic olfactory epithelium and cortex, revealing homologies in the neurodevelopment of ear, nose and cortex. Additionally, the absence of Insm1 results in fewer SVG neurons. This is not due to an increase in apoptosis, or to a decrease in delaminations, but instead it is due to a reduction in divisions of DPs. Unexpectedly, we also find expression of Insm1 in outer hair cells (OHCs) of the embryonic cochlea beginning as they initiate differentiation and subsiding as they mature.
Results
Since previous studies show that Insm1 is typically expressed transiently by neuronal progenitors (Duggan et al., 2008) , we used a lineage tracing technique to determine which inner ear cell types are generated by Insm1 expressing progenitors (see methods). In postnatal day 7 (P7) mouse ear, all spiral ganglion (SpG) neurons, vestibular ganglion (VG) neurons, and OHCs were positive for β-gal ( Fig. 2A and C) . Saccular, utricular, and cochlear inner hair cells (IHCs) and support cells of the sensory epithelia were not β-gal positive. Also, no cell was Insm1 GFP.Cre positive at P7, limiting Insm1 expression to prior (embryonic to early , and relationship between delaminated progenitor region (purple) to the otocyst (center panel). (B) Morphological structure through a cross section of the otocyst along the red line in (A) with its arrangement of cell nuclei shown to the right. Within the otocyst uncommitted progenitors undergo interkinetic nuclear migration and divide apically. Neuronally-committed progenitors delaminate into the mesenchyme where some or all of them will divide an undetermined number of times to produce neurons. These neurons will then coalesce to form both spiral and vestibular ganglia. Cells that remain within the otocyst will form auditory and vestibular hair cells as well as support and structural cells. The arrangement of mature cells in the organ of Corti is more complex than we have illustrated in this figure. For a more detailed and accurate representation of the arrangement, ratios and cell types present in the organ of Corti see (Jahan et al., 2015a) . Left panel in (A) from emouseatalas.org. See figure for abbreviations. postnatal) stages of development. The geniculate ganglion and other nearby facial neurons were also positive for β-gal (data not shown).
To elucidate the pattern of expression of Insm1 in the ear throughout development, we used both in situ hybridization for Insm1 mRNA and immunohistochemistry for GFP in the Insm1 GFP.Cre reporter line. By using both methods to resolve Insm1 expression we were also able to confirm that Insm1 GFP.Cre is an accurate indicator of Insm1 expression.
Insm1 is transiently expressed by delaminating progenitors and nascent neurons in the embryonic inner ear
We examined Insm1 expression during delamination at E10.5 to determine if Insm1 is expressed in DPs (Fig. 3) . Both methods of detection show Insm1 expression in the basally located cells of the anteroventral quadrant of the otocyst and in the delaminated zone. We found that Insm1 GFP.Cre cells express Islet1 (Isl1) (Fig. 3E-H ), a marker of DPs (Radde-Gallwitz et al., 2004) . Within the epithelium, Insm1 GFP.Cre cells are located along the basal lamina, and most are also Isl1 positive, indicating that these cells are also neuronally-committed DPs about to delaminate. None of the epithelial cells undergoing mitosis apically expressed Insm1, but some of the delaminated cells expressing Insm1 were in mitosis (co-expressing phospho-histone H3; Fig. 3J ,K), while others had left the cell cycle (did not express Ki67, which labels all proliferating cells; Fig. 3L ,M).
We detected a few Insm1-expressing cells at the apical edge of the epithelium ( Fig. 3C; arrowhead) . In addition, a few of the Insm1-expressing cells did not co-express Isl1, and these cells were primarily located within the otic epithelium ( Fig. 3H; arrows) . We wondered whether these cells would eventually delaminate and produce neurons, or whether they would remain within the epithelium and generate other cell types. In fate mapping experiments (Fig. 2) we demonstrated that OHCs were the only epithelial cells of the mature inner ear descendent from Insm1-expressing cells. However, we examined the epithelium at E14.5, when delamination is nearly complete, and found no Insm1-expressing cells in the cochlear epithelium. In the wild type mice we did not detect Insm1 mRNA (Fig. 4A) , nor did the Insm1 GFP.Cre/+ ; ROSA:lacZ mice express the Insm1 reporter GFP or the lineage tracer β-gal (Fig. 4C,D) . Therefore all Insm1 expressing cells at E10.5 in the otocyst will leave the epithelium or die. Since most other Insm1-expressing cells at this stage have delaminated, the few still in the epithelium are likely DPs about to delaminate. We next investigated Insm1 expression in nascent neurons following the completion of delamination and neurogenesis at E14.5. At this stage, the regions within the epithelium that will form the six sensory epithelia of the ear, the cochlea, two maculae, and three cristae are also exiting the cell cycle (Ruben, 1967) . We found that differentiating SpG neurons continue to express Insm1 (Fig. 4A-D) . However, in the VG, superior regions have lowered levels of Insm1, while inferior regions have not ( Fig. 4E-H) . Indeed, the progenitors of sVG and iVG neurons delaminate from different locations of the otocyst and thus could be molecularly distinct (Yang et al., 2011) . We do see some Insm1 signal in the region between utricular and saccular epithelia, which sometimes appears slightly within epithelia ( Fig. 4E and G) . We believe these are also migrating neurons, because lineage analysis at P7 shows there are no cells in this region that had expressed Insm1 (Fig. 2) . Furthermore, we did not detect cells that had once expressed, or descended from progenitors that had previously expressed, Insm1 (β-gal positive) within the cochlear or vestibular epithelium ( Fig. 4D and H) . These data show that Insm1 expression is sustained in nascent SVG neurons, whereas no Insm1-expressing cells remain within the epithelium.
As SpG (Fig. 5) Fig. 5G-H) . Unexpectedly, as Insm1 expression levels subside in the ganglia, we found Insm1 expression in the sensory epithelium in a pattern that corresponds with nascent OHCs. We investigated this expression within the sensory domain further.
Nascent embryonic OHCs also express Insm1 transiently
At E14.5, nearly all the cells of the sensory epithelia have exited the cell cycle and the presumptive organ of Corti can be identified by its expression of cell cycle regulating protein p27 kip1 (Chen and Segil, 1999) . After identifying the sensory epithelium in an adjacent section, we confirmed that there is no Insm1 GFP.Cre or lineage marker β-gal expression in the cochlea at E14.5 ( Fig. 6A-B) . Therefore, Insm1 is not expressed in the progenitors of the cochlear epithelium cells. Nascent hair cells differentiate in a basal-to-apical and medial-tolateral gradient, meaning that the first HCs to differentiate are basal IHCs, and then differentiation spreads radially to the first, then second, then third rows of OHCs and tangentially toward more apical HCs (Chen et al., 2002; Lim and Anniko, 1985; Sher, 1971 ). When we examined the Insm1 GFP.Cre expression in the developing cochlea, we used expression of the early hair cell marker MyoVIIa to identify HCs. The MyoVIIa expression pattern also follows the developmental gradients of the HCs (Chen et al., 2002; Sahly et al., 1997) . At E15.5, we examined in not only the first OHC, but also faintly in the second and third OHCs (Fig. 6E ). When we traced Insm1 GFP.Cre and MyoVIIa expression from the base to mid-apical regions, we found that in almost every case Insm1 GFP.Cre was expressed in 1-2 more OHCs than MyoVIIa in adjacent sections (both in front and behind).
To better determine the relationship between the expressions of these two factors as the organ of Corti differentiates, we co-stained an E16.5 whole mount preparation for both MyoVIIa and GFP (using a chicken anti-GFP antibody and a rabbit anti-MyoVIIa). We again found that at the base, MyoVIIa was expressed in all HCs and that Insm1 GFP.Cre was present in all OHCs ( Fig. 6M-O ). More apically, both markers were expressed in fewer cells and at lower levels. In apical regions where we saw MyoVIIa was expressed in IHCs and 1-2 OHCs, we found that often these OHCs also expressed Insm1 GFP.Cre ( Fig. 6P-R Fig. 6I-J) , whereas by P1 Insm1 expression was detected at the apical but not the basal turns of the cochlea (Fig. 5G and 6S) and by P2 was undetected throughout the cochlea (Fig. 6T ). This indicates that Insm1 expression onset is roughly contemporaneous with MyoVIIa, but then is down regulated by postnatal stages. Insm1 was never detected in IHCs or HCs of the utricle and saccule (Fig. 6K-L) , a result confirmed by the ; ROSA:lacZ mice ( Fig. 2A ).
Insm1 ablation results in fewer SpG and VG neurons
Having established the expression of Insm1 in the developing ear, we sought to determine its function using a different Insm1 −/− mouse line, in which the Insm1 coding sequence is completely deleted (Rosenbaum et al., 2011 Figs. 2 and 3) . OHCs also appeared to be differentiating normally when compared to Insm1 +/+ littermates and were arranged in three rows, expressed MyoVIIa, had begun to form stereocilia bundles, and did not express the embryonic IHC marker Fgf8 (Supplemental Fig. 4) . Since the process of delamination and neurogenesis is complete days before E18.5, we were able to examine the function of Insm1 in DPs. First, we compared the sizes of the otic ganglia of Insm1 +/+ and Insm1 −/− littermates at several developmental stages (Fig. 7A-F) .
With immunohistochemistry for Isl1 we labeled DPs and nascent neurons at E10.5-E12.5, stages during which delamination and proliferation are still occurring. At E14.5-E18.5, when delamination and neuronal proliferation have ceased, we identified SVG neurons with an antibody to β-III Tubulin. We then measured the cross sectional area (X-and Y-dimensions) of representative sections of ganglion at regular intervals throughout the ear and calculated the length of the ganglion in the Z-dimension ( Fig. 7A-F) . We found that, when compared with Insm1 +/+ littermates,
Insm1
−/− mice had a smaller average cross sectional area of the otic ganglia at stages after E10.5 (E12.5, E14.5, and E18.5; Fig. 7G ). At E14.5 and earlier stages, the spiral and vestibular ganglia have not fully separated so the two were analyzed together (SVG), but at E18.5, after the two ganglia have visually segregated, it is clear that both are smaller (34% for SpG and 51% for VG) in Insm1 −/− when compared with Insm1
. When we examined the length of the ganglia in the Zdimension, we saw no difference in ganglion length, with the exception of a slightly shorter ganglion in the Insm1 −/− mouse at E12.5 (Fig. 7H ), but not at later stages. This result shows that the reduction in cross sectional area is not due to the ganglion lengthening or to a difference in the angle of section. As a result, we were then able to quantify the number of neurons in those sections and found that, at E14.5 and E18.5, Insm1 −/− mice had fewer neurons composing their ganglia (Fig. 7I ).
When we looked at E10.5, we did not see a difference; hence the reduction in ganglion size and neuron number in Insm1 −/− mice occurs after this time. We hypothesized two potential sources for the decrease in neuron number in Insm1 −/− ganglia: first, an increase in cell death and second, a decrease in neuron production.
Insm1 ablation results in reduced proliferation of delaminated progenitors
We examined apoptosis levels at two time points, E12.5 and E14.5, within the developmental period during which the neuron reduction phenotype develops. We used immunohistochemistry for activated caspase 3 (ACC3) as an indicator of apoptotic cells, together with Isl1 for DPs at E12.5, and βIII-tubulin for immature neurons at E14.5. We counted cells that were positive for both ACC3 and the neuronal marker in representative sections throughout each developing ear ( Fig. 8A,C ; white cells). We found that the levels of apoptosis were low (on average 2-5 cells per section) but variable. We found no significant increase in apoptosis levels in the absence of Insm1 (Fig. 8E ) and therefore no evidence that programed cell death contributed to the decrease in neuron number in Insm1 −/− . We next sought to determine if Insm1 −/− ganglia have lower levels of proliferation. We looked at two time points during neuronal proliferation, E10.5 (prior to the onset of phenotype) and E12.5 (when the phenotypic reduction in ganglion size is first detected) and used immunohistochemistry for PH3 as a marker of mitotic cells and Isl1 as a marker of DPs (Fig. 9A-D) . Outside the epithelium (identified by the DAPI pattern) we counted cells positive for both Isl1 and PH3 as mitotic DPs ( Fig. 9A,C; arrows) . We also counted mitotic cells within the epithelium, because if fewer apical progenitors were becoming DPs then we would expect more apical mitosis. At E12.5 we counted PH3 positive cells within the neurosensory zone, which at this time is labeled by Isl1. All DPs originate from the shared pool of progenitors in this zone, and therefore if there was a change in apical to basal transition it would only affect this region. However, at E10.5 Isl1 does not label the neurosensory zone, so we counted all PH3 positive cells within the otic epithelium as apical progenitors. We found roughly a 30% decrease in the number of mitotic DPs in the developing ears of Insm1 −/− at both E10.5 and E12.5 (Fig. 9E ). We also found that at E10.5 there was no change in the number of DPs (Isl1 positive cells; Fig. 9F ), but that the percentage of DPs in mitosis was decreased by roughly 30% in Insm1 −/− (Fig. 9G) . Finally, there was no change in the number of epithelial mitoses at either time point (Fig. 9H ). Taken as a whole, these data suggest that in the absence of Insm1, epithelial progenitors are undergoing the same number of apical-to-basal transitions (delaminations) and concomitant neuronal commitments; however, Insm1 −/− DPs undergo fewer divisions and hence produce fewer neurons.
Discussion
We found that, in the embryonic ear, Insm1 is expressed in the progenitors of SVG neurons and promotes their proliferation (Fig. 10A,B) . Insm1 is not absolutely required for neurogenic proliferation of delaminated progenitors, but it adjusts the extent to which it occurs. This fine tuning role substantially affects the number of spiral and vestibular ganglion neurons produced.
As early as E10.5, we observed Insm1 in the neurogenic DPs at the basal edge of the otocyst and in the mesenchyme. This would indicate that Insm1 is likely expressed after NeuroD, which is downstream of Neurog1 and is expressed in early neuronal progenitors (apical and delaminating) of the otic epithelium (Deng et al., 2014; Kim et al., 2001; Liu et al., 2000; Ma et al., 2000) . Several potential functions have been proposed for NeuroD. Among them are promoting delamination of neuronal progenitors and neuron survival, neither of which is affected in the Insm1 null mouse (Jahan et al., 2010b; Kim et al., 2001; Liu et al., 2000) . Insm1 does appear roughly at the same time as Isl1, and does not regulate its expression. Nor does Insm1 regulate the expression of factors known to come on after Isl1, namely Pou4f1 or Pou4f2 (Supplemental Figs. 2 and 3) (Deng et al., 2014) . Following the cessation of neurogenesis we found that Insm1 expression was maintained in the nascent neurons of the SpG and the VG. As these neurons differentiated, Insm1 expression was reduced until P0, when no Insm1 expression was detected in the otic ganglion neurons. The expression pattern of Insm1 in the DPs is consistent with our observation that Insm1 promotes neurogenic divisions. Insm1 ablation did not cause a decrease in the number of delaminations, but a decrease in proliferation of the progenitors that have delaminated. As a result, when compared with a non-mutant littermate, mice lacking Insm1 produced roughly half the number of SVG neurons. Thus far, many SVG transcription factors have been implicated in determining ganglion size, either by promoting cell fate, delamination, or neuron survival, but none have been shown to regulate mitosis in the living mouse in the way that we have demonstrated for Insm1 (Camarero et al., 2001; Huang et al., 2001; Kim et al., 2001; Liu et al., 2000; Ma et al., 2000; Yamada et al., 2015) . Embryonic SVG neurons also express neurotrophins (BDNF and NT-3) and their receptors (TrkB and TrkC) (Durruthy-Durruthy et al., 2014; Farinas et al., 2001; Fritzsch et al., 2002; Green et al., 2012) . The absence of NT-3 results in a reduction of neurons, but this differs from the reduction due to Insm1 ablation because: (1) it is much more severe (~84% vs 41% for SpG); (2) it develops after E13.5, following neurogenesis and (3) it has been attributed to increased apoptosis, not decreased proliferation (Farinas et al., 2001) .
It is possible that Insm1 is also playing a functional role in the differentiation of the nascent neurons. However, we have been unable to identify any abnormalities in the differentiation of SVG neurons in the absence of Insm1. This may be, in part, due to the embryonic lethality of the mutant. 3.1. Insm1 expression reveals a common mechanism of neurogenesis among different neuroepithelia that, with few variations, generates organs as diverse as ear, olfactory epithelium and cortex
The expression of Insm1 in DPs and differentiating neurons supports previous claims that Insm1 is expressed transiently by late neuronal progenitors and nascent neurons throughout the developing nervous system (Duggan et al., 2008; Farkas et al., 2008) . The expression pattern and function of Insm1 has been characterized in depth in three different neural epithelia, the cortex (Duggan et al., 2008; Farkas et al., 2008 ) the olfactory epithelium (Rosenbaum et al., 2011) and now the otocyst (Fig. 10) .
Comparing these expression patterns side-by-side reveals a common neurogenic morphology among these (and potentially all) developing neural epithelia. In each epithelium, uncommitted, amplifying progenitors extend processes to both the apical and basal lamina and undergo interkinetic nuclear migration (Taverna and Huttner, 2010) . Once an amplifying progenitor transitions to becoming neuronallycommitted, it migrates in the basal direction and begins to express Insm1 (Farkas et al., 2008; Haubensak et al., 2004; Rosenbaum et al., 2011) . There, it can further divide to produce neurons. Those progenitors that continue to divide apically will produce non-neuronal epithelial cells (Guerout et al., 2014; Murdoch and Roskams, 2007; Raft et al., 2007) . We believe that these morphogenic similarities among neural epithelia have not been widely recognized. Furthermore, the conserved pattern of Insm1 expression across various neural epithelia suggests a common molecular mechanism as well.
Of course, each epithelium displays unique structural variations from the others that allow that epithelium to generate a different organ. Most apparent is the interaction of the nascent neurons with Fig. 10 . Insm1 expression in the developing inner ear, the effects of Insm1 ablation in otic neurogenesis, and a suggested common mechanism of neurogenesis among neural epithelia. (A) During the embryonic development of the ear, uncommitted, amplifying progenitors within the otocyst undergo interkinetic nuclear migration whereby mitosis occurs apically within the epithelium and synthesis basally. From E9.5-E12.5 neuronally-committed progenitors are generated by amplifying progenitors, express Insm1 (green), and delaminate from the otocyst. Once they have delaminated, these progenitors undergo an unknown number of divisions to produce SVG neurons. Nascent neurons maintain expression of Insm1. As they differentiate, Insm1 levels subside, and ultimately Insm1 is undetectable mature neurons. Following neurogenesis and the cessation of amplification in the organ of Corti, the OHCs initiate Insm1 expression in accordance with the wave of hair cell differentiation. As in neurons, OHCs decrease Insm1 expression as they mature. (B) In the absence of Insm1, the DPs undergo fewer divisions, and therefore, produce fewer neurons resulting in smaller spiral and vestibular ganglia. (C, D) The expression pattern of Insm1 in otic neurogenesis (A) is very similar to Insm1 expression in the embryonic cortex (Duggan et al., 2008 ) (C) and olfactory epithelium (Rosenbaum et al., 2011) (D) . In each case, uncommitted progenitors undergo interkinetic nuclear migration. When a progenitor commits to neuronal cell fate it expresses Insm1, migrates basally, either staying within the epithelium or delaminating into the mesenchyme, and divides to produce neurons. This schematic also highlights differences between epithelia. The neurons migrate to different regions within or outside of the epithelium, interacting differently with the basal lamina as they do so. Also, those cells that continue to divide apically produce different types of epithelial cells specific to their organ. Circles represent cell nuclei. Abbreviations are defined in figure key. the basal lamina. In the cortex, nascent neurons displace the basal lamina radially as they migrate outward to build new layers (Taverna and Huttner, 2010) (Fig. 10C ). In the olfactory epithelium, the basal lamina is unchanged as nascent neurons migrate back apically to produce a neuronal layer in the middle of the epithelium (Murdoch and Roskams, 2007) (Fig. 10D) . And in the otocyst, the basal lamina breaks down to allow basally migrating progenitors to delaminate and form ganglia (Raft et al., 2004; Rubel and Fritzsch, 2002) (Fig. 10A) . Another important difference is the fate of the apically-dividing progenitors which in all cases generate epithelial cells, though of very different types: ependymal cells in cortex, sustentacular cells in olfactory epithelium, and various types of epithelial cells -including sensory hair cellsin inner ear (Guerout et al., 2014; Murdoch and Roskams, 2007; Raft et al., 2007) (Fig. 10A,C,D) .
Functionally, we found that Insm1 promotes neurogenesis in the otocyst as it does in the developing cortex and olfactory epithelium. In the embryonic cortex and olfactory epithelium, knockout of Insm1 resulted in fewer basal neurogenic progenitors and neurons (Farkas et al., 2008; Rosenbaum et al., 2011) . The favored interpretation was that this resulted from a reduction in the number of apical to basal transitions of progenitors, and therefore the number of progenitors committing to neurogenesis (Farkas et al., 2008; Rosenbaum et al., 2011) . However, our results are not consistent with this interpretation of Insm1 function in the otocyst. Instead, our data suggest that at least in the inner ear Insm1 is not involved in promoting delamination (apical to basal transitions), but instead promotes proliferation of delaminated (i.e. basal) progenitors.
Insm1 is the earliest known gene expressed in outer and not inner hair cells
We also found an unexpected expression pattern of Insm1 in nascent OHCs but not in IHCs, vestibular HCs or support cells. Our results show that these OHCs are not derived from the Insm1-expressing progenitors that give rise to DPs. Instead, OHCs do not express Insm1 until after exiting the cell cycle. While this might seem surprising at first, our finding is consistent with the literature showing that there are no progenitors that produce solely SVG neurons and OHCs. Firstly, fate mapping of early SVG progenitors that express Neurog1 from E8.5-E13.5 shows that they also can produce epithelial cells of the utricle and saccule including sensory hair cells, but not those in the cochlea Raft et al., 2007) . At later stages, retroviral lineage tracing of otic progenitors injected at E11.5, showed that cochlear hair cells only shared common progenitors with cochlear support cells, not with SVG neurons (Jiang et al., 2013) . Finally, hair cell versus support cell fate within the organ of Corti is determined by Notch signaling pathways, not by cell type specific progenitors (Fekete et al., 1998; Kiernan et al., 2005) . Therefore, even if an Insm1 expressing progenitor cell was able to produce SVG neurons and cochlear epithelial cells, it would not solely produce OHCs, but also IHCs and support cells.
Interestingly, other neurogenic transcription factors that regulate ganglion formation (Neurog1 and NeuroD) have also been implicated in the development of cochlear hair cells, including potentially the spatial arrangement and/or differentiation of IHCs and OHCs Fritzsch et al., 2011; Jahan et al., 2010a; Jahan et al., 2010b; Jahan et al., 2015b; Ma et al., 1998; Matei et al., 2005) , although some believe this is due to their effects in the neurons, not to a direct action in cells of the organ or Corti (Basch et al., 2015; Bok et al., 2013; Tateya et al., 2013) . NeuroD, which like Insm1 is expressed in delaminating progenitors, also appears to be expressed in nascent hair cells, although this expression is not restricted to OHCs Matei et al., 2005; Scheffer and Shen, 2015) , as is the expression of Insm1.
Due to the embryonic lethality of our Insm1 mutant and the late stages at which OHCs mature, we were unable to determine the functional role of Insm1 in OHCs. At the latest stages we were able to obtain viable Insm1 −/− mice, OHC arrangement, shape, innervation pattern, and expression of marker genes did not appear different from littermate controls. Evaluating the effect of Insm1 in OHCs will probably necessitate a conditional ablation strategy, currently underway. We find the expression in OHCs particularly interesting for several reasons. First, Insm1 is the earliest known gene expressed by OHCs but not IHCs. This will make it an excellent tool for identifying and isolating OHCs early in the process of differentiation. Stat3 has also been found to be enriched in OHCs during this developmental window (Hertzano et al., 2004) ; however, we found it is also expressed at lower levels in IHCs and support cells (data not shown).
Second, Insm1 appears to be turned on shortly after HCs initiate differentiation and concomitant with the early hair cell marker, MyoVIIa. Until now, the only genes known to be expressed by OHCs and not IHCs were not expressed until around or after birth (Abe et al., 2007; He et al., 1994) . Our discovery that OHCs uniquely express Insm1 as early as E15.5 significantly advances the time point at which we know OHCs initiate their own specific program of differentiation. Though we do know that IHCs express Fgf8 as early as E16.5, this finding only demonstrates that IHCs are actively differentiating differently from OHCs, not vise versa (Jacques et al., 2007) .
Finally, the field of HC regeneration is rapidly expanding (for recent reviews see Geleoc and Holt, 2014; Groves et al., 2013; Liu et al., 2014; Santaolalla et al., 2013) . Since OHCs incur more damage than IHCs in noise induced hearing loss and age related hearing loss, it would be valuable to regenerate these HC types specifically. As we mentioned above, in these experiments Insm1 can be used as a marker for earlier stages of OHC specific differentiation instead of prestin which is expressed much later in OHC differentiation (Abe et al., 2007; He et al., 1994) . Furthermore, since INSM1 is a zinc-finger protein and can act as a transcription factor (Breslin et al., 2002) , we speculate that it could be a good candidate for driving OHC specific differentiation in these induced HCs.
Materials and methods

Mice
All wild type mice for in situ hybridization were CD1 outbred strain (Charles River). Insm1 −/− allele mice were maintained in a CD1 background and were genotyped as described previously (Rosenbaum et al., 2011) . Rosa:lacZ reporter mice (FVB.Cg.Gt(Rosa)26Sor tm1(CAG-lacZ, -EGFP)Glh ) were obtained from The Jackson Laboratory (Sacramento, CA) and PCR genotyping was performed with the following primers: forward 5′-CGTCATCTGCAACTCCAGTC-3′ and reverse 5′-GGAGCGGGAGAAATGG ATATG-3′ for the wild type allele; forward 5′-GATCAGCAGCCTCTGTTC CACA-3′ and reverse 5′-TCTTTGGAGCCATGATCGAAGT-3′ for the mutant allele. The Insm1 GFP.Cre mice were generated as previously described (Osipovich et al., 2014) . Mice were genotyped using PCR amplification using forward primer 5′-ATCCTCAGATTGTACTCAATACCTA-3′ and reverse primer 5′-CCTGCATGTCCACACTGCGAT-3′ so that the product of the wild type allele (362 bp) was shorter than that of the Insm1 GFP.Cre allele (423 bp). For lineage tracing, we bred Insm1 GFP.Cre mice to Rosa:lacZ reporter mice. For embryo dissection, time pregnant dams were sacrificed by isoflurane overdose followed by cervical dislocation. Their abdomens were opened to expose the uterus which was dissected and transferred to cold 1×PBS. Embryos were dissected from the uterus, tails were removed for genotyping, and embryos were further processed depending upon future use. For DNA extraction, tails were incubated in 50 mM NaOH at 95°C for 20 min or until dissolved. Base was then neutralized with 1 M Tris pH 8 and digested tissue was separated from DNA by centrifuging at max speed for 6 min.
All procedures and housing were approved by Northwestern University Animal Care and Use Committee on animal protocols 2012-1570 and IS00001281.
Lineage tracing
We used mice bearing the Insm1 GFP.Cre allele, which replaces the Insm1 coding sequence with that of the green fluorescent protein fused to the Cre-recombinase (GFP.Cre); it is therefore a null allele (Osipovich et al., 2014) . We crossed the Insm1 GFP.Cre mouse with a ROSA:lacZ reporter mouse which uses a ubiquitous promoter to express β-galactosidase (β-gal) with a nuclear localization sequence following Cre-mediated deletion of a floxed stop cassette. In this way, all cells that have expressed Insm1 GFP.Cre or descend from progenitors that have expressed Insm1 GFP.Cre will express nuclear localized β-gal.
In situ hybridization and immunohistochemistry
In situ hybridization was performed on cryosections (10-12 m thick) of unfixed and snap frozen embryos or ears collected at E10.5, E14.5, E16.5, and P1, as previously described (Duggan et al., 2008) .
For immunohistochemistry, whole embryos (E10.5-E12.5) or decapitated embryo heads (E14.5-E18.5) were fixed in fresh 4% PFA overnight. The next day, in some cases E14.5-E18.5 ears were further dissected from heads. Tissues were washed in 1 × PBS three times for 15 min each and were then dehydrated using a 10%, 20%, 30% sucrose gradient. Tissues were then mounted in Optimal Cutting Temperature (OCT) medium and frozen on dry ice. Frozen tissues were kept at −80°C until sectioned 10-12 m thick on a cryostat and directly mounted onto slides. Slides were kept at −80°C until staining. Whole mount cochleas were fixed in fresh 4% PFA for 1 h.
Slides were thawed at room temperature for 10 min then vacuum dried for another 10 min. Then slides were post-fixed in fresh 2% PFA in 1×PBS for 10 min. Slides or whole cochleas were washed and blocked in 3% serum with 0.1% Triton X-100 for 1-2 h. Samples were incubated overnight at 4°C with primary antibodies in blocking solution. The following primary antibodies were used: rabbit anti-GFP (1:1000; Life Technologies, Carlsbad, CA), chicken anti-GFP (1:5000; Abcam, Cambridge, MA), chicken anti-β-gal (1:2500; Abcam, Cambridge, MA), mouse anti-Isl1 (1:1000; Developmental Studies Hybridoma Bank, Iowa City, IA), mouse anti-p27 kip1 (1:250; Thermo Fisher Scientific, Freemont, CA), rabbit anti-MyoVIIa (1:100; Proteus Bioscience, Ramona, CA), mouse anti-β-Tubulin III (TuJ1; 1:500; Covance, Princeton, NJ), rabbit anti-ACC3 (1:1000; Cell Signaling, Beverly, MA), rabbit anti-phospho-Histone H3 (PH3; 1:100; Millipore, Billerica, MA), mouse anti-Ki67 (1:200; BD Pharmingen, San Diego, CA), mouse antiPou4f1 (1:100; Santa Cruz Biotechnology, Dallas, Tx), and goat antiPou4f2 (1:100; Santa Cruz Biotechnology, Dallas, Tx). Unbound primary antibody was removed with 3 washes of 1×PBS with 0.1% Triton X-100 (PBST). Slides were incubated with Alexa Fluor-conjugated secondary antibodies (Life Technologies) for 1 h in blocking solution. Unbound secondary antibody was removed with 3 washes of PBST, sections were DAPI stained, and mounted with Prolong Gold (Life Technologies). Antigen retrieval before primary antibody incubation was necessary for TuJ1 and anti-p27 kip1
. Slides were incubated with 10 mM sodium citrate in 0.25% Triton X-100 at 92°C for 20 min and allowed to cool for 30 min before washing 3 times in 1×PBS.
Cell quantification and statistics
In all cell quantification studies, every 2nd or 4th section throughout the developing ears of paired littermates were stained and evaluated, while skipping the rest to avoid double counting cells. Total number of sections from beginning to end (including those not stained) were then counted and multiplied by section thickness to determine Zlength. Tissues were visualized and photographed either on a Nikon Eclipse E600 microscope with an RT Slider Spot camera (verson2.3.1; Diagnostic Instruments, Sterling Heights, MI) or on a Nikon Eclipse Ti microscope with a Photometrics Cool Snap HQ 2 camera (Tucson, AZ).
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.mod.2015.11.001.
